Significance Statement {#s1}
======================

Previously studies examining the characteristics of adult-born neurons in the dentate gyrus (DG) have used almost exclusively male subjects. Researchers have assumed the two sexes have a similar maturation and attrition of new neurons in the DG of adults. However, this study highlights notable sex differences in the attrition, maturation rate, and potential of neurogenesis in the adult hippocampus that has significant implications for the field of neuroplasticity. These findings are important in understanding the relevance of sex differences in the regulation of neurogenesis in the hippocampus in response to stimuli or experience and may have consequences for our understanding of diseases that involve neurodegeneration of the hippocampus, particularly those that involve sex differences, such as Alzheimer's disease and depression.

Introduction {#s2}
============

Adult neurogenesis in the dentate gyrus (DG) has been observed in all mammalian species studied including primates ([@B40]; [@B30]; [@B39]; [@B38]; [@B10]; [@B8]; [@B45]). Despite two papers indicating a lack of neurogenesis in humans ([@B20]; [@B59]), recent studies have definitively shown adult neurogenesis exists in humans and is modulated by disease, age, and perhaps sex in response to antidepressants ([@B25]; [@B17]; [@B59]; [@B45]; [@B64]). Adult hippocampal neurogenesis arises from the radial glia-like neural stem cells (RGLs; type1; [Fig. 1](#F1){ref-type="fig"}) in the subgranular zone of the DG, which express stage-specific proteins such as Sox2. Sox2 plays a critical role maintaining pluripotency of RGLs ([@B62]; [@B9]; [@B22]; [@B1]; [@B43]). The RGLs undergo asymmetrical cell division and generate one RGL and either an astroglia or a transiently amplifying intermediate neural progenitor cell (IPC; type2). The IPCs can undergo multiple symmetrical or asymmetrical cell divisions but generally daughter cells differentiate into neurons ([@B14]; [@B36]; [@B62]; [@B9]; [@B22]). Previous studies show that adult-born cells in the DG divide multiple times, increasing the number of daughter cells which peaks 1 week (1w) after initial mitosis in male rats ([@B14]) and perhaps earlier in mice ([@B1]). Adult-born cells in the DG start to die off and show a rapid decrease in the number of new cells between 1w and 3w after the initial cell division in male rodents ([@B14]; [@B56]; [@B22]). A subset of IPCs (type2b), neuroblasts (type3), and immature neurons transiently express a microtubule-associated protein, doublecortin (DCX) for up to 3w, and new neurons start to express a neuronal nuclear protein, NeuN, approximately 1w after mitosis in rats ([@B11]; [@B56]) or 2w after mitosis in mice ([@B56]). Surviving new neurons integrate into the existing neural circuitry, and play an important role in pattern separation and stress resilience ([@B18]; [@B57]; [@B32]; [@B28]). However, whereas there are species differences in the maturation rate of adult born neurons ([@B56]), as of yet, no studies to our knowledge have explored sex differences in the maturation rate of adult born neurons.

![***A***, Schematic illustrations for the timeline of neural stem cell lineage with expression of stage-specific proteins ([@B62]; [@B9]; [@B22]; [@B1]; [@B43]). ***B--D***, Schematic illustrations for the experimental design. ***B***, The experimental timeline, all animals were age-matched and received BrdU injection at 10 weeks. Examples of the dorsal (section ***i***: red; bregma −3.8 mm) and ventral (section ***ii***: blue; bregma −6.8 mm) hippocampus (numbers represent mm from the bregma; (***C***) and morphologic phenotypes of DCX-ir cells (***D***). h- hours, w- weeks, BrdU- bromodeoxyuridine, DCX- doublecortin, GCL- granule cell layer, IPC- intermediate proliferating cell, ML- molecular layer, RGL- radial glial cell, SGZ- subgranular zone.](SN-ENUJ200168F001){#F1}

It is important to acknowledge that most of our information about the trajectory and timeline of maturation of new neurons comes from data in male rodents ([@B14]; [@B56]), with one study in female rodents ([@B11]). Previous studies demonstrate notable sex differences in the regulation of adult neurogenesis in response to stress, estrogens, androgens, or cognitive training in the DG ([@B26]; [@B5]; [@B16]; [@B33]; [@B67]; [@B21]). For instance, acute stress suppresses adult neurogenesis in male rats, but not in female rats ([@B26]; [@B33]). Furthermore, spatial navigation tasks or spatial pattern separation tasks enhance adult neurogenesis in male rats but not in female rats ([@B16]; [@B67]). The enhancing effect of cognitive training on adult neurogenesis in male rats has a critical period, in which cognitive training must occur 6--10 d after cell birth ([@B24]), which is curiously the same time that 17β-estradiol also increases neurogenesis in the male meadow vole ([@B49]). The sex differences in the ability of cognitive training to enhance neurogenesis in males but not females suggests one of three scenarios: (1) neurogenesis in the hippocampus is not important for cognitive training in females; (2) the neural activity in the hippocampus may not be as active in females; or (3) there are sex differences in the maturation rate of neurogenesis. Either of these scenarios would lead to the inability of cognitive training to boost survival of new neurons in females in response to spatial training. However, evidence suggests neither of the first two scenarios are correct. Adult DG neurogenesis is associated with better performance in females ([@B16]; [@B67]) and females show increased zif268 expression in the CA3 after training compared with males ([@B67], [@B68]). Collectively, these findings suggest sex differences following cognitive training may be due to differences in the maturation rate and perhaps trajectory of adult-born neurons in the DG.

Therefore, the present study aimed to elucidate whether there were sex differences in the maturation and attrition of the new neurons as well as the number of neural stem cells in the dorsal versus ventral DG. A single injection of bromodeoxyuridine (BrdU) was used for birth-dating of adult-born new cells in male and female rats, and brains were immunohistochemically stained for BrdU and endogenous cell-stage-specific protein makers such as Sox2, Ki67, DCX, and NeuN. Given the work above, we expected sex differences in the maturation rate of new neurons with males showing a faster maturation rate than females.

Materials and Methods {#s3}
=====================

Animals {#s3A}
-------

Forty-four age-matched (two-month-old) Sprague Dawley rats were bred at the University of British Columbia and used in this study (*n* = 22 per sex). All subjects were same-sex pair-housed in opaque polyurethane bins (48 × 27 × 20 cm) with paper towels, polyvinylchloride tube, cedar bedding, under a 12/12 h light/dark cycle with 7 A.M. lights-on. Food and water were provided *ad libitum*. Females weighed 240--280 g and males weighed 315--355 g. All animals were handled every day for 2 min for 1w before the beginning of the experiment. All experiments were conducted in accordance with Canadian Council for Animal Care guidelines and were approved by the animal care committee at the University of British Columbia. All efforts were made to reduce the number of animals used and their suffering during all procedures.

Experimental design {#s3B}
-------------------

One intraperitoneal (i.p.) injection of BrdU (200 mg/kg) was given to all rats between 11 A.M. and 12 P.M. Rats were perfused either 2 h, 24 h, 1w, 2w, or 3w after the BrdU injection, but otherwise were left undisturbed except for weekly cage changes (see [Fig. 1*B*](#F1){ref-type="fig"}). On the day of perfusion, rats were administered an overdose of sodium pentobarbital (500 mg/kg, i.p.). Blood samples were collected from the chest cavity, and rats were perfused transcardially with 60 ml of 0.9% saline followed by 120 ml of 4% paraformaldehyde (Sigma-Aldrich). Brains were extracted and postfixed in 4% paraformaldehyde overnight, then transferred to 30% sucrose (Fisher Scientific) solution for cryoprotection and remained in the solution until sectioning. Brains were sliced into 30-μm coronal sections using a Leica SM2000R microtome (Richmond Hill). Sections were collected in series of ten throughout the entire rostral-caudal extent of the hippocampus and stored in anti-freeze solution consisting of ethylene glycol, glycerol, and 0.1 [m]{.smallcaps} PBS at −20°C until immunostaining. Complete series of sections were immunohistochemically stained for BrdU/DCX and BrdU/NeuN to examine sex differences in the maturation timeline of new neurons, for Sox2 to examine the number of neural stem cells, and for Ki67 to examine actively dividing progenitor cells. In addition, the brain sections were double-stained for BrdU/Sox2 to examine changes of Sox2 expression over the 3w after BrdU injection.

Radioimmunoassay (RIA) for 17β-estradiol and testosterone {#s3C}
---------------------------------------------------------

Previous studies reported that 17β-estradiol increases cell proliferation in females but not males ([@B63]; [@B5]). Androgens increase survival of new neurons in males but not in females, but do not influence cell proliferation in either sex ([@B60]; [@B21]). Thus, we examined serum levels of 17β-estradiol and testosterone in females and males of the 1w, 2w, and 3w groups, respectively. Blood samples were stored at 4°C overnight and centrifuged at 10 × *g* for 15 min to collect serum. Serum 17β-estradiol levels in female rats and serum testosterone levels in male rats were assayed using commercially available RIA kits from Beckman Coulter or MP Biomedicals, respectively. The sensitivity of the RIA kits was 0.75 ng/ml for 17β-estradiol and 0.03 ng/ml for testosterone. The intraassay and interassay coefficients of variation were \<8.9% and \<12.2%, respectively, for 17β-estradiol and \<8.2% and \<13.2% for testosterone. For females with 50 pg/ml or higher serum estradiol levels were considered to be in proestrus ([@B15]). Based on estradiol levels, none of the females in the 1w, 2w, and 3w groups were in proestrus at the time of perfusion (see [Table 1](#T1){ref-type="table"}).

###### 

Mean (±SEM), minimum and maximum concentration of serum testosterone in males (ng/ml) and estradiol in females (pg/ml)

                        Min     Max     Mean ± SEM
  --------------------- ------- ------- --------------
  Male (testosterone)   0.37    4.46    1.067 ± 0.43
  Female (estradiol)    10.99   21.08   14.41 ± 1.30

*n* = 13 per group.

Estrous cycle stage determination {#s3D}
---------------------------------

As the estrous cycle phase can influence cell proliferation ([@B63]; [@B52]), estrous cycle stages of the 2 and 24 h groups were determined with vaginal lavage samples. Vaginal cells suspended in water were obtained using a glass pipette, transferred onto a microscope slide and stained with cresyl violet (Sigma-Aldrich). Proestrus was determined when 70% of the cells were nucleated epithelial cells. Two females (one each in the 2 and 24 h groups) were in proestrus at the time of perfusion.

Immunohistochemistry {#s3E}
--------------------

### BrdU/NeuN, BrdU/DCX, or BrdU/Sox2 double-staining {#s3E1}

The exogenous DNA synthesis marker, BrdU is incorporated into DNA during the synthesis phase of the cell cycle ([@B35]; [@B44]). BrdU is a thymidine analog which is active for 2 h after injection in rats ([@B13]). Briefly our protocol was as follows: sections were prewashed three times with 0.1 [m]{.smallcaps} TBS and left overnight at 4°C. Sections were then incubated in a primary antibody solution containing 1:250 mouse anti-NeuN (Millipore), 1:200 goat anti-DCX (Santa Cruz Biotechnology) or 1:500 mouse anti-Sox2 (Santa Cruz Biotechnology), 0.3% Triton X-100, and 3% normal donkey serum (NDS; Vector Laboratories) in 0.1 [m]{.smallcaps} TBS for 24 h at 4°C. Next, sections were incubated in a secondary antibody solution containing 1:250 donkey anti-mouse Alexa Fluor 488 (Invitrogen) or donkey anti-goat Alexa Fluor 488 (Invitrogen) in 0.1 [m]{.smallcaps} TBS, for 18 h at 4°C. After being rinsed three times with TBS, sections were washed with 4% paraformaldehyde for 10 min, and rinsed twice in 0.9% NaCl for 10 min, followed by incubation in 2 [n]{.smallcaps} HCl (Fisher Scientific) for 30 min at 37°C. Sections were then rinsed three times in TBS for 10 min each and incubated in a BrdU primary antibody solution consisting of 1:500 rat anti-BrdU (AbD Serotec), 3% NDS, and 0.3% Triton X-100 in 0.1 [m]{.smallcaps} TBS for 24 h at 4°C. A further incubation of sections commenced in a secondary antibody solution containing 1:500 donkey anti-rat Alexa Fluor 594 (Invitrogen) in 0.1 [m]{.smallcaps} TBS for 24 h at 4°C. Following three final rinses with TBS, the sections were mounted onto microscope slides and cover-slipped with PVA DABCO.

### Ki67 or Sox2 immunofluorescent staining {#s3E2}

Ki67 is expressed in actively dividing cells (all stages of the cell cycle except G~0~) and therefore is expressed at higher levels than BrdU 24 h after injection of BrdU ([@B35]). Randomly selected brain sections from the same animal were also immunohistochemically stained with anti-Ki67 or anti-Sox2 (*n* = 8 per sex). Brain sections were prewashed with 0.1 [m]{.smallcaps} PBS and left to sit overnight at 4°C. The next day, sections were incubated in 10 m[m]{.smallcaps} sodium citrate buffer for 45 min at 90°C to retrieve antigens of Ki67 and blocked with 3% NDS and 0.3% Triton X-100 in 0.1 [m]{.smallcaps} PBS, followed by incubation in primary antibody solution made with 1:1000 mouse anti-Sox2 (Santa Cruz Biotechnology) or 1:250 mouse anti-Ki67 (Leica Biosystems), 1% NDS, and 0.3% Triton X-100 in 0.1 [m]{.smallcaps} PBS for 24 h at 4°C. Then the sections were incubated in secondary antibody solution, consisting of 1:500 donkey anti-mouse Alexa Fluor 488 for Sox2 (Invitrogen) and 1:500 donkey anti-mouse Alexa Fluor 594 for Ki67 (Invitrogen), 1% NDS, and 0.3% Triton X-100 in 0.1 [m]{.smallcaps} PBS, for 18 h at 4°C. After three rinses with PBS, sections were incubated in 1:5000 DAPI in PBS for 3 min and mounted onto slides and cover-slipped with PVA DABCO.

Cell counting {#s3F}
-------------

All counting was conducted by an experimenter blind to the group assignment of each animal using an Olympus epifluorescent microscope and confocal microscope. Location of immunoreactive cells was examined in the dorsal or ventral DG using the criterion defined by [@B3] with sections 7.20--4.48 mm from the interaural line (bregma −1.80 to −4.52 mm) defined as dorsal and sections 4.48--2.20 mm from the interaural line (bregma −4.52 to −6.80 mm) as ventral ([@B3]; see [Fig. 1*C*](#F1){ref-type="fig"}). Cells were counted separately in each region because the different regions are associated with different functions (for review, see [@B27]) and possibly different maturation timelines ([@B58]). The dorsal hippocampus is associated with spatial learning and memory, whereas the ventral hippocampus is associated with stress and anxiety ([@B46]; [@B37]).

### BrdU and Ki67 {#s3F3}

Ki67-ir and BrdU-ir cells were counted under a 100× oil immersion objective lens. Every 10th section of the granule cell layer (GCL) that includes the subgranular zone on one half of each brain were counted. An estimate of the total number of cells was calculated by multiplying the aggregate by 10 ([@B55]; [@B47]; [@B66]). Density of BrdU-ir or Ki67-ir cells was calculated by dividing the total estimate of immunoreactive cells in the GCL by volume of the corresponding region. The volume of the DG was calculated using Cavalieri's principle ([@B31]) by multiplying the summed areas of the DG by thickness of the section (300 μm). Area measurements for the DG were obtained using digitized images on the software ImageJ (NIH).

### Percentage of BrdU/NeuN, BrdU/DCX, and BrdU/Sox2 co-expression {#s3F4}

The percentages of BrdU/NeuN and BrdU/DCX-ir cells were obtained by randomly selecting 50 BrdU-labeled cells and calculating the percentage of cells that co-expressed DCX, NeuN, or Sox2 (method used by [@B3]). The percentage of BrdU/DCX-ir cells was also categorized into the three morphology types using the criteria used by [@B51]. Briefly, stages were defined as type-A proliferative: neurons with no or short plump processes; type-B intermediate: neurons possess medium-length processes or apical dendrites that reach the molecular layer; and type-C postmitotic: neurons possess apical dendrites with at least one branching into the molecular layer (see [Fig. 1*D*](#F1){ref-type="fig"}). The density of BrdU-ir cells was multiplied by the percentage of BrdU-ir cells that expressed DCX or Sox2.

### Sox2 {#s3F5}

Photomicrographs of the DG were obtained with a 20× objective lens of an Olympus confocal microscope (three images from three sections each from the dorsal and ventral DG). Immunoreactive cells were counted automatically using a code developed by JEJS from the digitized images using MATLAB (MathWorks). Briefly, the program first introduces a graphical interface with the chosen image and the user can freehand trace the region of interest (ROI). The program provides the total area of the ROI. The image is then converted to grayscale, assigning each pixel with an intensity value \[0 (black) to 255 (white)\]. The Sox2-ir cells are brighter in the image and thus have higher corresponding pixel values. The background of the image is obtained by MATLAB's imopen function to morphologically open and select out disk structural elements with a radius of 10 pixels (roughly the average size of the cells in the original image). This serves to create a new image in which all the cells in the picture are removed. A new image is created by removing the background image from the grayscale image and then contrasting the result to extract the bright cells from the grayscale image. To account for image artifacts and ensure accurate counting, the contrasted image then has the original background image removed multiple times. For our Sox2 images, we found that by subtracting the background three to five times would provide accurate counts. Finally, the image is then binarized (pixels given a value of 0 or 1) and size restrictions are placed removing any remaining artifacts that are too large or too small to be a cell. The final image is read, cells are counted, the area of the ROI (total pixels in freehand trace), area of the cells (total pixels counted as a cell) are used. Interrater reliability scores were calculated comparing three human counters, blinded to program results were high (*r* = 0.93, *p* = 0.024) and the program compared with itself (4--5 × background removed *r* = 0.98, *p* = 0.003). The code is available by contacting the corresponding author.

Statistical analyses {#s3G}
--------------------

All analyses were conducted using STATISTICA (StatSoft). The density of BrdU-ir cells, BrdU-ir/DCX-ir, or the percentage of BrdU-ir cells that express Sox2 or DCX were each analyzed using repeated-measures ANOVA, with maturation time (2 h, 24 h, 1w, 2w, 3w) and sex (male, female) as between-subject variables and with hippocampal region (dorsal, ventral) as the within-subject variable. The percentage of BrdU-ir cells that express NeuN was analyzed using a repeated-measures ANOVA, with maturation time (1w, 2w, 3w) and sex (male, female) as between-subject variables and with hippocampal region (dorsal, ventral) as the within-subject variable. Repeated-measures ANOVAs were used to each analyze the density of Ki67-ir and Sox2-ir cells with sex as between subject factor and with hippocampal region as the within-subject factor. Pearson product--moment correlations were calculated to examine the relationship between dependent variables of interest. Furthermore, the percentage of BrdU/DCX-ir cells expressing type-C morphology was analyzed using repeated-measures ANOVA with sex as between-subject variables and with maturation time and hippocampal region as within-subject variables. *Post hoc* tests used the Neuman--Keuls procedure. *A priori* comparisons were subjected to Bonferroni corrections. Significance was set to α = 0.05 and effect sizes are given with Cohen's *d* or partial η^2^.

Results {#s4}
=======

Males had larger dorsal DG volumes compared with females {#s4A}
--------------------------------------------------------

As expected, males had significantly greater volume of dorsal DG compared with females and as such cell density was used for direct comparison between the sexes for all analyses (*p* = 0.012; region by sex interaction: *F*~(1,22)~ = 4.61, *p* = 0.043, Cohen's *d* = 1.26; see [Table 2](#T2){ref-type="table"}). In addition, the ventral DG was larger than the dorsal DG, as expected (main effect of region: *F*~(1,22)~ = 36.19, *p* \< 0.0001).

###### 

Mean (±SEM) volume of the dorsal and ventral DG in male and female rats (mm^3^)

           Dorsal          Ventral
  -------- --------------- ---------------
  Male     0.905 ± 0.056   1.334 ± 0.083
  Female   0.688 ± 0.043   1.593 ± 0.195

Females had a smaller dorsal DG volume, *n* = 42 (20 males and 22 females).

Males had greater levels of cell proliferation (Ki67) compared with females {#s4B}
---------------------------------------------------------------------------

To examine potential sex differences in cell proliferation, we used Ki67, which labels all cells undergoing mitosis. Males had a greater density of Ki67-ir cells compared with females (main effect of sex: *F*~(1,15)~ = 13.90, *p* = 0.002, Cohen's *d* = 1.80; see [Fig. 2*B*](#F2){ref-type="fig"}). There was also a trend of main effect of region (*F*~(1,15)~ = 3.44, *p* = 0.083, partial η^2^ = 0.187), but no significant interaction (*p* = 0.11). Because previous studies have observed the rats in proestrus have higher levels of cell proliferation ([@B63]; [@B52]), we also examined the relationship between the density of Ki67-ir cells and the levels of 17β-estradiol in females, or testosterone in males, but no significant relationships were observed (all *p*s \> 0.268).

![Sex differences in proliferating cells (Ki67-ir) in the DG. (***A***) Photomicrographs of Ki67 (red) with DAPI (blue) taken with 40× objective from a male (left) and female (right) young adult rat (11 weeks old) in the dorsal DG. (***B***) Mean (±SEM) density of Ki67-ir cells: males had a greater density of Ki67-ir cells compared with females; \* indicates a significant difference (*p* \< 0.05). ir, immunoreactive. All animals were age-matched. SEM-standard error of the mean, DAPI- 4′,6-diamidino-2-phenylindole, DG-dentate gyrus.](SN-ENUJ200168F002){#F2}

Males, but not females, show greater attrition of BrdU-ir cells from 1w to 2w after mitosis {#s4C}
-------------------------------------------------------------------------------------------

To determine whether there were sex differences in the trajectory of new neurons across time, we examined the density of BrdU-ir cells at various time points after BrdU injection (2 h, 24 h, 1w, 2w, and 3w). Using the same timeline with ^3^H-thymidine, males show an increase ^3^H-thymidine-labeled cells after 24 h and a large attrition rate of ^3^H-thymidine-labeled from 1w to 3w after injection ([@B14]). Consistent with past research ([@B14]), males had a greater density of ono-week-old BrdU-ir cells compared with 2 h, 24 h, 2w, and 3w after BrdU injection (*p*s \< 0.001; interaction effect of sex by time; *F*~(4,31)~ = 2.95, *p* = 0.035, partial η^2^ = 0.276; see [Fig. 3](#F3){ref-type="fig"}). However, females did not show appreciable differences in the density of BrdU-ir cells across any time points (all *p*s \> 0.147) except between 2 and 24 h (*p* = 0.156). Furthermore, males had a greater density of BrdU-ir cells than females at the 1w time point (*p* = 0.0003, Cohen's *d* = 2.26) but not at any other time point (all *p*s \> 0.308). Given our findings with Ki67, we also examined sex differences at the 2- and 24-h time points and saw males had more BrdU-ir cells in the dorsal region only at 2 h (a priori: *p* = 0.009, Cohen's *d* = 2.64) which failed to reach significance at 24 h (*p* = 0.15) compared with females. There were main effects of sex (*F*~(1,31)~ = 17.57, *p* \< 0.002, Cohen's *d* = 0.746), time (*F*~(4,31)~ = 11.78, *p* \< 0.0001, partial η^2^ = 0.603), and region (*F*~(1,31)~ = 4.43, *p* = 0.044, Cohen's *d* = 0.254), and an interaction effect of region by time (*F*~(4,31)~ = 12.21, *p* \< 0.0001, partial η^2^ = 0.639) was noted but no other significant interactions (*p*s \> 0.125).

![Sex differences in the trajectory of adult-born BrdU-ir cells. ***A***, Mean (±SEM) density of BrdU-ir cells. Male adult rats had a greater density of BrdU-ir cells at 2 h and 1w compared with female adult rats and showed a greater reduction in density between 1w and 2w after BrdU injection. ***B***, Mean (±SEM) density of BrdU/DCX-ir cells. Males had a greater density of BrdU-ir cells that express DCX cells at 2 h and 1w; \* indicates a significant sex difference (*p* \< 0.05). All animals were age-matched and received BrdU injection at 10 weeks. h-hours, w-weeks, BrdU- bromodeoxyuridine, DCX-doublecortin, SEM-standard error of the mean, ir-immunoreactive.](SN-ENUJ200168F003){#F3}

Complementing the attrition rate in BrdU-ir cells across weeks in males, we found that males had a greater density of BrdU/DCX-ir cells than females only at the 1w time point (*p* = 0.00,036, Cohen's *d* = 2.61) but not at any other time point (all *p*s \> 0.130; interaction effect of sex by time: *F*~(4,29)~ = 4.04, *p* = 0.0101, partial η^2^ = 0.358; see [Fig. 3*B*](#F3){ref-type="fig"}). Given our findings with Ki67, we also examined the 2- and 24-h time point and found that males had a greater density of BrdU/DCX-ir cells compared with females in the dorsal DG at 2 h (*p* = 0.005, Cohen's *d* = 3.18). There were also main effects of sex (*F*~(1,29)~ = 11.71, *p* = 0.0047, Cohen's *d* = 0.320), time (*F*~(4,29)~ = 29.31, *p* \< 0.0001, partial η^2^ = 0.802), and region (*F*~(1,29)~ = 8.66, *p* = 0.0063, partial η^2^ = 0.230), and an interaction effect of region by time (*F*~(4,29)~ = 12.86, *p* \< 0.0001), partial η^2^ = 0.639) but no other significant interactions were noted (*p*s \> 0.269).

Male adult-born neurons mature faster compared with female adult-born neurons {#s4D}
-----------------------------------------------------------------------------

We then examined whether there are sex differences in maturation rate of adult-born neurons by examining the percentage of BrdU-ir cells expressing maturation stage specific neuronal markers, immature neurons (DCX) and mature neurons (NeuN) across the 3 weeks. Males, compared with females, had a greater percentage of BrdU-ir cells that expressed NeuN 2w (*p* = 0.003, Cohen's *d* = 2.14) but not 1w (*p* = 0.99) or 3w (*p* = 0.54) after BrdU injection (interaction effect of sex by time; *F*~(2,17)~ = 3.52, *p* = 0.05, partial η^2^ = 0.293; see [Fig. 4*B*](#F4){ref-type="fig"}). There were also main effects of sex: (*F*~(1,17)~ = 7.14, *p* = 0.016, partial η^2^ = 0.296) and time (*F*~(2,16)~ = 41.92, *p* \< 0.00,001, partial η^2^ = 0.834) but no other significant main or interaction effects (all *p*s \> 0.24). The percentage of BrdU-ir cells that expressed NeuN by 3 weeks after BrdU injection in both males and females was ∼90% and did not significantly differ between the sexes (*p* = 0.583).

![Sex differences in the maturation rate of adult-born neurons in the DG (BrdU/NeuN). ***A***, Photomicrographs of BrdU (red)/NeuN (green) taken with 60× objective lens from a male (left) and female (right) young adult rats in the 2w group. ***B***, Mean (±SEM) percentages of BrdU-ir cells that express NeuN. Male young adult rats had a greater percentage of BrdU-ir cells that express NeuN at 2w in the dorsal and ventral DG; \* indicates a significant sex difference (*p* \< 0.05). ir, immunoreactive. All animals were age-matched and received BrdU injection at 10 weeks old. w-weeks, BrdU-bromodoxyuridine, ir- immunoreactive, DG-dentate gyrus SEM-standard error of the mean.](SN-ENUJ200168F004){#F4}

As expected, in both sexes across both regions, the percentage of BrdU-ir cells that also express DCX decreased significantly as time progressed with the least co-expression at 3w compared with all other time points (all *p*s \<0.002). Furthermore, the 2 h time point had lower co-expression than all other earlier time points (all *p*s \<0.024) except 2w (*p* = 0.34) and 3 w (main effect of time: *F*~(4,30)~ = 63.69, *p* \< 0.0001; partial η^2^ = 0.895; see [Fig. 5*B*](#F5){ref-type="fig"}). Females had greater percentage of BrdU-ir cells that co-expressed DCX in 24 h group compared with 2 h group (a priori: *p* = 0.0003, Cohen's *d* = 6.68; see [Fig. 5*B*](#F5){ref-type="fig"}), which was not seen in males \[*p* = 0.895; sex by time interaction (*p* = 0.086)\]. There were no other significant main or interaction effects on the percentage of BrdU-ir cells that co-express DCX (*p*s \> 0.12). Given the findings showing that new neurons expressed NeuN faster in males compared with females, we also examined BrdU/DCX-ir cells by maturation stage, which we classified using morphology ([@B51]). Consistent with our BrdU/NeuN findings, males had a greater percentage of BrdU/DCX-ir cells expressing type-C morphology compared with females at 2w in the dorsal DG (a priori: *p* = 0.017, Cohen's *d* = 1.84; effect of time: *F*~(2,18)~ = 5.39, *p* = 0.015, partial η^2^ = 0.37; see [Fig. 6*C*](#F6){ref-type="fig"}) but not at 1w (*p* = 0.95) or 3w (*p* = 0.84) after BrdU injection.

![Sex differences in the maturation rate of adult-born neurons in the dentate gyrus (DG) (BrdU/DCX). ***A***, Photomicrographs of BrdU (red)/DCX (green) taken from male young adult rat at 24 h (left; 60× objective lens) and 2w (right; 40× objective lens) group. ***B***, Mean (±SEM) percentages of BrdU-ir cells that express DCX. There was no significant sex difference in the percentage of BrdU-ir cells that co-express DCX. ***C***, Mean (±SEM) percentages of BrdU/DCX-ir cells that had a type-C morphologic phenotype. a priori comparisons showed that male adult rats had a greater percentage of BrdU/DCX-ir cells that showed the type-C morphologic phenotype at 2w compared with female adult rats in the dorsal DG; \* indicates a significant sex difference (*p* \< 0.05). All animals were age-matched and received BrdU injection at 10 weeks old. h-hours, w-weeks, BrdU-bromodeoxyuridine, DCX- doublecortin, ir-immunoreactive.](SN-ENUJ200168F005){#F5}

![Sex differences in the density of neural stem cells (Sox2-ir). ***A***, Photomicrographs of Sox2 (green) with DAPI (blue) taken with 10× objective lens from a male (left) and female (right) young adult rat (11 weeks old) in the dorsal DG. ***B***, Mean (±SEM) density of Sox2-ir cells: males, compared with females, had a greater density of Sox2-ir cells in the dorsal DG. The ventral DG of females, but not males, had a greater density of Sox2-ir cells compared with the dorsal DG; \* indicates a significant sex differences and + indicates significant a regional difference between the dorsal and ventral regions (*p* \< 0.05). All animals were age-matched and received BrdU injection at 10 weeks. ir-immunoreactive, SEM-standard error of the mean, DG-dentate gyrus.](SN-ENUJ200168F006){#F6}

Male rats, compared with female rats, had a greater density of Sox2-ir cells in the dorsal DG; females had greater density of Sox2-ir cells in the ventral compared with dorsal region {#s4E}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To examine sex differences in neural stem cells, we investigated the expression of Sox2. Sox2 is a transcriptional factor that plays a role in maintaining self-renewal of neural stem cells and is considered a neural stem cell marker. Male rats had a greater density of Sox2-ir cells compared with female rats in the dorsal DG (*p* = 0.024, Cohen's *d* = 1.39; sex by region; *F*~(1,16)~ = 6.34 *p* = 0.023, see [Fig. 6*B*](#F6){ref-type="fig"}). Females had a greater density of Sox2-ir cells in the ventral DG compared with the dorsal DG (*p* = 0.005, Cohen's *d* = 1.10), whereas this regional difference was not observed in males (*p* = 0.74). There were trends for a main effect of sex (*F*~(1,16)~ = 3.67, *p* = 0.074) and region (*F*~(1,16)~ = 4.20, *p* = 0.057).

Males have a greater density of BrdU/Sox2-ir cells in the dorsal DG at 2 h compared with females {#s4F}
------------------------------------------------------------------------------------------------

To understand whether there are differences between sexes in the time course of neural stem cell marker expression after mitosis, we examined the density of BrdU/Sox2-ir cells at 2 h, 24 h, 1w, 2w, and 3w after BrdU injection. Males had a greater density of BrdU/Sox2-ir cells compared with females in the dorsal DG at 2 h but not at any other time point (a priori: *p* = 0.0019; see [Fig. 7*B*](#F7){ref-type="fig"}). In addition, the dorsal DG had a greater density of BrdU/Sox2-ir cells at 2 and 24 h than the ventral DG compared with all other time points (all *p*s \<0.0003; interaction of region by time *F*~(4,31)~ = 11.66, *p* \< 0.0001, partial η^2^ = 0.601). There were also significant main effects of time (*F*~(4,31)~ = 40.46, *p* \< 0.0004, partial η^2^ = 0.84) and region (*F*~(1,31)~ = 20.50, *p* \< 0.0001, partial η^2^ = 0.398) but no other main or interaction effects (both *p*s \>0.109).

![Sex differences in BrdU/Sox2-ir cells across time points. ***A***, Photomicrographs of BrdU (left; red)/Sox2-ir (center; green) cells and merged images (right), taken from a male young adult rat in 24 h group. ***B***, Mean (±SEM) density of BrdU-ir cells that express Sox2; a priori comparisons showed that male, compared with female, young adult rats had a greater density of BrdU-ir cells that co-expressed Sox2 in the dorsal DG at 2 h after BrdU injection; \* indicates a significant sex difference (*p* \< 0.05). ***C***, Mean (±SEM) percentage of BrdU-ir colabelled with Sox2 at each timepoint. There was a greater percentage of colabelled cells at the 2 and 24h timepoint than all other timepoints in the dorsal and ventral DG and in the dorsal DG 2h timepoint had more than the 24 h timepoint. all *p*s \< 0.003). All animals were age-matched and received BrdU injection at 10 weeks old. BrdU-bromodeoxyuridine, ir-immunoreactive, SEM-standard error of the mean, DG-dentate gyrus, h-hour, w-weeks.](SN-ENUJ200168F007){#F7}

The percentage of BrdU/Sox2 co-expressing cells decreased dramatically over time in both sexes {#s4G}
----------------------------------------------------------------------------------------------

As expected, the percentage of BrdU-ir cells expressing Sox2 decreased across time, with the highest levels at the 2- and 24-h time points in the dorsal and ventral region (all *p*s \< 0.0002), with the 2 h time point having higher levels than 24 h in the dorsal DG only (*p* = 0.003; interaction effect of region by time: *F*~(4,31)~ = 4.25, *p* = 0.007, partial η^2^ = 0.354; main effect of region: *F*~(1,31)~ = 5.37, *p* = 0.027, partial η^2^ = 0.148; main effect of time: *F*~(4,31)~ = 640.85, *p* \< 0.001, partial η^2^ = 0.988; see [Fig. 7C](#F7){ref-type="fig"}). There was a trend for an interaction effect of region by sex (*F*~(1,31)~ = 3.77, *p* = 0.061, partial η^2^ = 0.108). There were no other significant main or interaction effects on the percentage of BrdU-ir cells expressing Sox2 (*p* \> 0.317).

Discussion {#s5}
==========

Our findings indicate that adult-born neurons mature faster in males compared with females. We also found notable sex differences in the attrition or survival rate of BrdU-ir cells across time, with males showing reductions across time, and females showing no appreciable reduction in the density of BrdU-ir cells across the three weeks. Furthermore, males had a higher density of dorsal neural stem cells (Sox2) and cell proliferation (Ki67) compared with females. There were notable differences in early expression of DCX in females, but not in males, showing a greater percentage of BrdU-ir cells expressing DCX at 24 hours compared with 2 hours. Intriguingly, the density of BrdU-ir cells two weeks after production was comparable between males and females. Although a tremendous amount of research has unveiled the characteristics of neurogenesis in the adult hippocampus, these findings underscore that we cannot assume that the same characteristics will be similar in females as they are in males.

Male adult-born dentate granule cells mature faster compared with female adult-born dentate granule cells {#s5A}
---------------------------------------------------------------------------------------------------------

We found that adult born neurons mature faster in males than in females, with males showing a rapid increase in the percentage of BrdU-ir cells that expressed NeuN at two weeks. Although previous studies did not directly compare the sexes, they are consistent with our results ([@B11]; [@B56]). These studies showed that in male rats, 65--75% of BrdU-ir cells expressed NeuN two weeks after BrdU injection ([@B56]), whereas a separate study found in female rats \<10% of BrdU-ir cells expressed NeuN at two weeks after BrdU injection ([@B11]). Sex differences in the maturation time course of new neurons may be due to sex differences in the neural activity of the hippocampal network. Maturation of adult-born neurons is accelerated by electrophysiological activity in the hippocampus ([@B50]), and cFos expression in the dorsal CA3 of hippocampus is greater in males compared with females in response to a Morris water maze task and radial arm maze task ([@B67], [@B68]). However, in the same studies, females show greater activation of zif268 in the dorsal CA3 compared with males, which is inconsistent with the interpretation of greater activity in the hippocampus accounting for the sex differences in maturation timelines. Another possible explanation for the higher percentage of more mature adult-born neurons in males compared with females at two weeks may involve competition and/or apoptosis resulting in part from the greater attrition from one to two weeks in males, which may impact the survival rate of new neurons ([@B6]). Further research is needed to examine the mechanisms of the sex differences in the maturation of new neurons.

Males had more neural stem cells than females, whereas females showed a regional difference with more neural stem cells in the ventral, compared with dorsal, DG {#s5B}
----------------------------------------------------------------------------------------------------------------------------------------------------------------

In the present study, males had a greater density of Sox2-ir cells in the dorsal DG compared with females. We also found that females had a greater density of Sox2-ir cells in the ventral compared with the dorsal region that was not observed in males. To our knowledge, neither of these findings have been reported previously. These findings suggest that within females, there is more chance of maintaining pluripotency in the ventral compared with the dorsal DG. How this might be reflected in sex differences in the functions attributed to the dorsal versus ventral hippocampus remains to be determined. However, there are some intriguing possibilities as males generally show better spatial learning ([@B34]; [@B65]), whereas females show different stress reactions compared with males ([@B69]). Indeed, one study has shown that classical conditioning using shock as the unconditioned stimulus, did increase neurogenesis in the ventral DG of females but not males ([@B19]). Our results emphasize the importance of further investigation of sex differences in the preservation of neural stem cells in the hippocampus as a potential treatment ([@B10]).

The neural progenitor cell-type composition changes after mitosis with sex-dependent manner {#s5C}
-------------------------------------------------------------------------------------------

Consistent with past studies, we found similar percentages of Sox2-ir cells and DCX-ir cells in the progenitor proliferating pool in male rodents ([@B54]; [@B48]). However, we found that females had a greater increase in the percentages of BrdU-ir cells co-expressing DCX between two and 24 hours after mitosis whereas males did not exhibit any significant change between these two time points. This finding suggests that the neural progenitor cell-type composition within the actively dividing pool in females changes after each cell division more so than in males. It also suggests that early on in division, the daughter cells proceed more rapidly through the neuronal cell lineage in females compared with males. This finding may in part explain the ability of females to compensate for the lower levels of cell proliferation to end up with a similar number of new neurons at three weeks compared with males. More studies are needed to examine sex differences in the timeline and mechanism of the transition of proliferating progenitors to new neurons for a comprehensive understanding of the regulation of neural progenitor cell pool in males and females.

Neurogenesis in males has a different trajectory compared with females {#s5D}
----------------------------------------------------------------------

The present study found that males, but not females, showed substantial changes in the density of BrdU-ir cells across time points with an early increase from 24 h to one week followed by a substantial decrease from one to two weeks. The decrease was notable such that despite the fact that males showed greater density of one-week-old BrdU-ir cells than females, but there were no sex differences in density of older (two to three weeks) old BrdU-ir cells. Our findings are consistent with previous studies that demonstrating the same trajectory in male Sprague Dawley rats ([@B14]; [@B56], [@B58]) and no significant sex difference in the amount of two- or three-week-old BrdU-ir cells in cage controls ([@B63]; [@B4]; [@B16]; but see [@B42]). Collectively, these results suggest that males and females regulate adult neurogenesis differently as males produce more new cells and show greater attrition of these new cells, whereas females produce fewer new cells which are preserved across maturation. These findings may explain why spatial learning and or estrogens given during the first week of new neuron development increases the survival of new neurons in males, but not in females ([@B49]; [@B23]; [@B16]; [@B67]). Taken together, these results suggest that spatial training between one week and two weeks after production of new neurons can prevent the attrition of adult-born neurons in males but perhaps not in females.

Males, compared with females, had greater cell proliferation in the DG {#s5E}
----------------------------------------------------------------------

Males had a greater density of Ki67-ir cells in the DG compared with females, consistent with findings in meadow voles ([@B29]). In contrast a number of other studies have not found sex differences in cell proliferation in the DG ([@B41]; [@B12]; [@B4]; [@B61]). However, these inconsistences may be related to estrous cycle, as only proestrous females show greater cell proliferation than male rats ([@B63]), although this effect has not always been noted ([@B41]). None of the females in the Ki67 analysis were in proestrus and thus, we would expect lower levels of cell proliferation in these females. Consistent with our Ki67 results we also see increased BrdU-ir cells at 2 hours in males compared with females, but no differences at 24 hours, which likely has to do with the population that Ki67 labels versus the pulsatile BrdU ([@B35]).

Conclusion {#s5F}
----------

In the present study, sex differences are noted in the neural stem cell population, cell proliferation, maturation rate and the attrition rate of adult-born neurons in the hippocampus. The trajectory of new neuron survival is dramatically different in males compared with females suggesting that the ability to influence neurogenesis within each sex may be due to the existing differences in timing and/or maturation of new neurons. Future studies should target mechanisms of these sex differences in adult neurogenesis as there are likely multiple factors involved that could profoundly affect these sex differences such as genetic (four core genotypes; [@B2]), epigenetic ([@B53]), and mitochondrial functions ([@B7]) that differ between the sexes. These findings have profound implications for our understanding of adult neurogenesis in the DG, the use of therapeutics that modulate neurogenesis in the general population, and underscore the need to include both sexes in research on hippocampal neurogenesis.
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Synthesis {#s6}
=========

Reviewing Editor: Margaret McCarthy, Univ of Maryland School of Medicine

Decisions are customarily a result of the Reviewing Editor and the peer reviewers coming together and discussing their recommendations until a consensus is reached. When revisions are invited, a fact-based synthesis statement explaining their decision and outlining what is needed to prepare a revision will be listed below. The following reviewer(s) agreed to reveal their identity: NONE. Note: If this manuscript was transferred from JNeurosci and a decision was made to accept the manuscript without peer review, a brief statement to this effect will instead be what is listed below.

This is an interesting article presenting important data on sex differences in adult neurogenesis in the dentate gyrus of rats. The authors show that adult male rats have higher levels of cell proliferation and faster maturation rates of new neurons in the dentate gyrus compared to females. They also find that the difference in number of cells generated disappears over time as males experience a greater loss of newly produced cells than females. Given that the majority of studies on adult neurogenesis have used only males, this is an important contribution to the literature in that it will stimulate the inclusion of both sexes and eliminate the assumption that sex differences do not exist. I have some suggestions for improvements of the manuscript, most are relatively minor in that they are about style, scholarship and figure display, but one major suggestion would be to include similar comparisons in mice. A large proportion of studies on adult neurogenesis are done in mice, and since a previous study in males showed differences between rats and mice on these same measures, having sex comparisons in both species would make this a more substantial and very useful addition to the literature.

Other comments:

1\) Some improvements in spelling and accuracy of references are needed. It would be good for authors to go through the manuscript, correct typographical errors and make sure that the references all accurately reflect what they are cited for.

2\) The title is catchy but seems more appropriate for a news article than a research paper. Furthermore, it does not seem to accurately reflect the findings. Since males end up with the same number of new neurons as the females, describing the process as "burning out and fading away" seems unnecessarily pejorative.

3\) Figure 1 does not add anything to the paper, which describes experiments that are very simple. Furthermore, the images of the BrdU injections in between different cell types add confusion rather than clarification. I suggest removing the figure altogether.

4\) Data presented in figure 2 should be reorganized, and providing representative images from both males and females would add to the figure, especially when differences are observed. Are the images shown from males or females? This was not mentioned. Regarding organization, the data presented in the bar graph in Fig 2D should be placed next to the image in Fig 2A since the image in 2A is meant to be a representative for the analyzed data in 2D. Fig 2C should be next to 2B. Regarding the image in 2B, it is not clear what is being shown-the only Ki67 positive neurons are in the cluster? The magnification appears to be different from in 2A? It would be helpful to have dapi staining in 2B as in 2A in order to provide orientation to the location of the Ki67 positive cells. The text (lines 264-265) says that females had a greater density of Sox2-ir cells but this is not indicated on the bar chart. The age of the animals used was not mentioned.

5\) Similarly, in Fig 3, how the data are displayed should be reorganized. Fig3A and D should be next to one another. The images in A and B should have additional labeling, images from both males and females should be shown, and there is no mention as to when the images were obtained- 1, 2, or 3 weeks post Brdu injection.

6\) It is not clear why the testosterone and estradiol measurements are included in the Table of dentate gyrus volumes. More explanation is needed or those data should be removed from the table, put elsewhere or eliminated entirely. The text mentions that there were no correlations between Ki67-ir and testosterone and estradiol. Because plasma estradiol changes during the estrus cycle, this statement needs more information. Was the estrus cycle monitored in the females? Could the outcome be different is the females were sacrificed at different stages of the cycle? Some additional information regarding these points is needed.

7\) Figure 5 shows an example of a BrdU labeled cell co-labeled with Sox2. It does not look very convincing and compared to the other images in the paper is relatively low quality. I suggest improving the quality.

8\) Restating the results in the discussion makes the discussion overly long. Edits would improve readability.

Author Response {#s7}
===============

This manuscript provides interesting, novel descriptive information about sex differences in markers of adult neurogenesis in the dentate gyrus of rats. Evaluating sex differences in adult neurogenesis is important and has not been well investigated. The results provided here advance the field.The authors have done an extensive revision of this manuscript compared to the previous version. It looks almost like a new paper. The title is now more appropriate, and the figures and display of the data are much improved. While the data do show a more rapid increase in BrdU positive neurons in males versus females, how this impacts function is not clear, especially since the density after 2 weeks is the same. Therefore, these data will prompt future studies to determine the functional relevance of the findings reported. A few minor additional edits will further improve this already strong manuscript. 1)There was mention of using a code developed by JEJS from the digitized images using MATLAB that was used to count cells. Not enough information was provided.

We have now provided more information including interrater reliability results.

2\) It is not clear why some of the Sox2 data appear in figure 2 and the rest in figure 7. Would be best to have these data together. We have moved the Sox2 data so that all of the data are together however they are not in the same figure but are presented in consecutive figures (Fig 6 and 7).

3\) it would be helpful to have more information as to how Sox positive cells were counted. The methods only states that a code was developed and to contact the author for the code. To be convincing about the level of rigor, more details are needed.

We have added several details on the MATLAB program written by JEJS ( the second author).

4\) One reviewer had this to say about Figure 1 - I still feel that Figure 1 should be eliminated. Not only does it not add anything substantial to the paper, but the top panel is amateurish and detracts from the overall manuscript - it is entirely your decision whether to keep it (I kinda of like it).

We have decided to keep the Figure in the paper.
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